Abstract: Transition metal disulfides have been attracting significant attentions in recent years. There are extensive applications of transition metal disulfides, especially on gas sensing applications, due to their large specific surface-to-volume ratios, high sensitivity to adsorption of gas molecules and tunable surface functionality depending on the decoration species or functional groups. However, there are several drawbacks such as poor gas selectivity, sluggish recovery characteristics and difficulty in the fabrication of large-scale devices. Here, we provide a review of recent progress on the chemoresistive gas sensing properties of two-dimensional transition metal disulfides. This review also provides various methods to enhance the gas sensing performance of two-dimensional disulfides, such as surface functionalization, decoration receptor functions and developing nanostructures.
Introduction
The Internet of Things (IoT), which is frequently mentioned along with "connected devices" and "smart devices", is the inter-networking of vehicles, buildings, physical devices and other items, which include the electronics, actuators, sensors software and network connectivity that enable these objects to collect and exchange data [1] . One of the key components enabling the IoT is sensors, as they provide enormous information by sensing things and monitoring the environment. Gas sensors are devices or instruments that produce a measurable signal output in order to determine the detectable presence, concentration or quantity of a particular target chemical substance (analyte) present in gas. Such gas sensors are necessary for various applications of IoT, including building automation, healthcare and life sciences, consumer and home automation, transportation, industrial, environment, security and public safety and retail and logistics. Gas sensors for use in the IoT should possess basic performance, like high sensitivity, good selectivity and stability, and meet special requirements, such as low cost, low power consumption, small size and easy integration into existing technologies [2] .
Among various types of gas sensors, chemoresistive gas sensors based on semiconductors have been considered as suitable candidates for the IoT due to low cost and small size [3] . Gas sensors based on nanostructured semiconducting metal oxides (typically spherical nanoparticles) lead to high responses to various gases [4] [5] [6] [7] . They should operate at elevated temperatures with external heaters in order to keep the materials sensitive to the target analytes. However, the use of an external heater not only increases the power consumption of the sensor, but also causes thermal stability problems, obstructing practical applications for the IoT [2] . To overcome the intrinsic problems of semiconducting metal oxides for chemoresistive gas sensors, two-dimensional (2D) materials, including graphene, reduced graphene oxide and MoS 2 , have attracted remarkable interest for their potential as active materials for gas sensors [8] [9] [10] [11] . Due to the high surface-to-volume ratios and easiness in device fabrication, the application of many 2D materials was made on gas sensing in their early development stage. While graphene is metallic with zero band gap energy, many transition metal disulfides, such as MoS 2 , WS 2 and SnS 2 , are semiconducting with tunable bandgap energies depending on the thickness [12] . In this respect, the transition metal disulfides are inherently more desirable than graphene for chemoresistive gas sensing applications.
In this review, gas sensors based on 2D transition metal disulfides are introduced thoroughly with strong emphasis on the sensing material and underlying gas sensing mechanism. While the gas sensors based on individual 2D transition metal disulfides are successfully demonstrated for fundamental research, obstacles for practical applicability are discussed to mention challenges to be addressed for commercializing 2D transition metal disulfide gas sensors. Some crucial issues including long-term stability, selectivity of the sensors and array fabrication are discussed.
Gas Sensors Based on Transition Metal Disulfides

General
Bulk transition metal dichalcogenides, MX 2 , have layered structures of X-M-X, where M represents a layer of transition metal atoms, which is hexagonally packed and sandwiched between two X, which represent chalcogen atoms. In general, the thickness of each layer is about 6-7 Å [13] . About 40 different layered transition metal dichalcogenide compounds exist, as shown in Figure 1a [12] . The highlighted elements in the periodic table present the transition metals and the three chalcogen elements (S, Se and Te), which have a predominant tendency to crystallize in X-M-X layered structures. Co, Rh, Ir and Ni are partially highlighted, which present that only a portion of the dichalcogenides has layered structures. For instance, NiTe 2 is reported to have a layered compound, while NiS 2 shows a pyrite structure. The layers are connected by weak van der Waals forces as the M-X bonds within layers are typically covalent. This results in the easy splitting of the crystal along the layer boundaries. Four electrons donated from the metal fill the bonding state of a transition metal dichalcogenide. Therefore, the metal and sulfur atoms have +4 and −2 of the oxidation states, respectively. The lone pair electrons of the sulfur atoms are placed at the end of the layer surfaces, and the layers have been stable against the interaction between environmental species with the absence of dangling bonds. The metal of layered transition metal dichalcogenides can have the coordination either in the trigonal prismatic structure or the octahedral structure, determined by the arrangement of the metal and chalcogen elements (Figure 1b,c) . Several polymorphs can be adopted to the transition metal dichalcogenides by the type of layer stacking orders. Trigonal, hexagonal and rhombohedral are the most common polymorphs, which can be represented by 1T, 2H and 3R, while the numbers represent the number of X-T-X units in the unit cell, in other words, the number of layers in the stacking sequence. Some transition metal dichalcogenides can be formed in several polymorphs and stacking sequences. For instance, the 2H phase is the most common polymorph of MoS 2 in nature, as it is the most stable form, while the 3R phase is often adopted to the synthetic MoS 2 to form a stacking sequence of AbA BaB and AbA CaC BcB, respectively, if we symbolize the chalcogen atom layers by capital letters and the metal atom layers by lower-case letters. TiS 2 is largely formed in the 1T phase and the stacking sequence of AcB. Among the three chalcogen elements, sulfur is the most favorable atom since it is the most Earth-abundant among them and most of the MS 2 (transition metal disulfide) compounds are less toxic and more stable in air than MSe 2 and MTe 2 . Figure 2a shows the number of publications on gas sensors based on transition metal disulfides since 2011. The number of publications is rapidly increasing, and it is expected that the number will be over 100 this year. MoS 2 is one of the most noted transition metal disulfide materials studied in gas sensing applications, as shown in Figure 2b . Seventy-five percent of publications up to now were focused on MoS 2 along with WS 2 (14%), SnS 2 (9%), etc. The predominance of MoS 2 over other transition metal disulfides is due to the fact that the material is the easiest material to synthesize and the most stable.
Molybdenum Disulfide
MoS 2 is one of the most notable transition metal disulfides, which is a layered compound, similar to graphite. Each layer is composed of a plane of Mo atoms sandwiched between planes of S atoms. Compared with graphite and graphene, the MoS 2 semiconductor has an indirect bandgap (~1.2 eV). It also has catalytic properties, which are effective for hydrodesulfurization [14] . Several works that have been reported recently have shown that an indirect band gap, a property of bulk MoS 2 semiconductor, can be modified by making a single monolayer of MoS 2 : it converts from an indirect band gap to a direct band gap semiconductor (~1.9 eV) with superior luminescence efficiency [15, 16] . It also can be applied for the transport channel of a field effect transistor (FET) with an excellent on/off ratio [17] and noticeable photoresponse [18, 19] . Among the three chalcogen elements, sulfur is the most favorable atom since it is the most Earth-abundant among them and most of the MS2 (transition metal disulfide) compounds are less toxic and more stable in air than MSe2 and MTe2. Figure 2a shows the number of publications on gas sensors based on transition metal disulfides since 2011. The number of publications is rapidly increasing, and it is expected that the number will be over 100 this year. MoS2 is one of the most noted transition metal disulfide materials studied in gas sensing applications, as shown in Figure 2b . Seventy-five percent of publications up to now were focused on MoS2 along with WS2 (14%), SnS2 (9%), etc. The predominance of MoS2 over other transition metal disulfides is due to the fact that the material is the easiest material to synthesize and the most stable.
MoS2 is one of the most notable transition metal disulfides, which is a layered compound, similar to graphite. Each layer is composed of a plane of Mo atoms sandwiched between planes of S atoms. Compared with graphite and graphene, the MoS2 semiconductor has an indirect bandgap (~1.2 eV). It also has catalytic properties, which are effective for hydrodesulfurization [14] . Several works that have been reported recently have shown that an indirect band gap, a property of bulk MoS2 semiconductor, can be modified by making a single monolayer of MoS2: it converts from an indirect band gap to a direct band gap semiconductor (~1.9 eV) with superior luminescence efficiency [15, 16] . It also can be applied for the transport channel of a field effect transistor (FET) with an excellent on/off ratio [17] and noticeable photoresponse [18, 19] . Li et al. demonstrated the gas sensing ability of FET based on a single-and multi-layer MoS 2 films deposited onto 300 nm-thick SiO 2 layer/Si substrates [20] . Single-and multi-layer MoS 2 nanosheets are fabricated by the mechanical exfoliation technique (Figure 3a,b) [17, 21, 22] . The prepared MoS 2 FET devices have an n-type semiconductor behavior. The current on/off ratio of bilayer (2L), trilayer (3L) and quadrilayer (4L) MoS 2 devices is higher than 10 3 (Vg from −10-10 V), while the single-layer (1L) MoS 2 FET has smaller values (≈ 10 2 ). The prepared single-and multi-layer MoS 2 FETs are measured with NO gas at room temperature. The results show that the FET sensors fabricated with 2L, 3L and 4L MoS 2 films have a pronounced sensitivity to NO and that the detection limit is 0.8 ppm (parts-per-million). By comparison, the monolayer MoS 2 device exhibits a rapid, but unstable response. Figure 3c shows a typical current response of a 2L MoS 2 FET device during the exposure to NO with a concentration range from 0.3 to 2 ppm. The p-doping effect contributes to the decrease of the current, which means the increase of the resistance during the exposure to NO [8, 10, 11, 23] . It is similar to the charge transfer mechanism that occurs in the gas sensors based on 2D graphene [24] and 1D carbon nanotube [25] . The desorption and adsorption processes of NO can be split into two steps; one is a rapid and the other is a slow process. This phenomenon also can be found in the gas sensors based on graphene and explained by the different binding energies originating from each interaction between gas molecules and the different defect sites on the surface of the sensing materials [10] .
Perkins et al. reported that single monolayer MoS 2 operates with high performance as a chemical sensor at room temperature, showing high selectivity to various analytes [26] . They produced sensors with planar structures composed with a monolayer MoS 2 channel on SiO 2 /Si substrates, as shown in Figure 4a ,b. The sensor with the MoS 2 monolayer shows a distinct response to triethylamine (TEA-N(CH 2 CH 3 ) 3 ) exposure, which is a laboratory-safe decomposition product from the V series nerve gas agents. The degree of the conductivity variation rises as the TEA concentration increases. The response of the device to a sequence of pulses is shown in Figure 4d . Over the sequence of pulses, the TEA concentration increases from 0.002% P 0 (1 ppm) to 0.2% P 0 (100 ppm) in 450 s. The response of the device to a sequence of acetone (CH 3 ) 2 CO pulses is shown in Figure 4e . The acetone concentration increases from 0.02% P 0 (50 ppm) to 2% P 0 (5000 ppm). The incremental trend of conductivity is highly correlated with the sequence of exposure pulses, while the amplitude of ∆G/G 0 is on a par with a given concentration. Compare to the relatively high responses to the exposure of the TEA and the acetone, the MoS 2 sensor shows almost no variation in conductivity to the exposure of analytes that are considered to be electron acceptors or weak donors. For instance, Figure 4f shows the response to a sequence of nitrotoluene (NT) pulses, a laboratory-safe simulant for the explosive trinitrotoluene (TNT). The MoS 2 monolayer exhibits no variation in conductivity as the NT concentration increases from 0.01% P 0 -1% P 0 . For the sake of contrast, the response of the CNT network sensor is presented. The conductivity of the CNT increases significantly to the exposure. They hypothesized that the interaction mechanism between the analyte and the device is regulated by the localized lone pair orbitals of the sulfur end units. The Mo 3d yz orbitals and S 2p orbitals are placed on the surface plane as the charge density distributions make the Mo 3d yz slightly reduced (negatively charged) and the S 2p slightly oxidized (positively charged) [12] . Therefore, they can easily interact with the target analytes. They suspected that the SiO 2 substrate under the MoS 2 monolayer has its own positive charge; therefore, the negative charge of the Mo 3d yz orbitals can be compensated. As a result, the positively-charged S is only available for the interaction between the gas molecules and the surface. Hence, the MoS 2 sheet has a significant interaction with donor-like analytes, corresponding to the experimental results. Late et al. reported the sensing performance of a MoS2 thin-layered structure transistor to the exposure of NO2 and NH3 in several conditions such as gate bias at room temperature [27] . As shown in Figure 5a , the electron-beam lithography is used for patterning Ti/Au electrodes on top of isolated MoS2 sheets, and the back gate geometry is also used for the fabrication of the gas-sensing devices. The single-layer MoS2 device shows unstable current variation over time as presented earlier [20] , while multilayer MoS2 devices show better stable responses. They measured sensing behavior with and without applying back gate voltage (+15 V) for two-layer and five-layer MoS2 FETs when exposed to NH3 and NO2. Figure 5c ,d shows the variation of the sensitivity as the concentration increases. The five-layer MoS2 sensor shows the highest sensitivity to the exposure of NO2 when operated with positive gate voltage. The highest sensitivity to the exposure of NH3 is shown on the five-layer MoS2 sample when operated without gate voltage. Their sensitivities to 1000 ppm NO2 and NH3 were determined to be 1372 and 86%, respectively. NO2 acts as an electron acceptor (p-type doping), while NH3 acts as an electron donor (n-type doping). Thus, for n-type semiconductors, such as MoS2, NO2 increases the resistance while NH3 decreases the resistance based on a charge transfer mechanism. As the NO2 is the electron acceptor, it has more electrons to accept when the electron accumulation occurred at the interface of MoS2 and SiO2 by applying the positive gate voltage. However, as NH3 is the electron donor, the electric field built up at the interface repels NH3 to donate an electron, which results in the decreases of the gas sensitivity. Late et al. reported the sensing performance of a MoS 2 thin-layered structure transistor to the exposure of NO 2 and NH 3 in several conditions such as gate bias at room temperature [27] . As shown in Figure 5a , the electron-beam lithography is used for patterning Ti/Au electrodes on top of isolated MoS 2 sheets, and the back gate geometry is also used for the fabrication of the gas-sensing devices. The single-layer MoS 2 device shows unstable current variation over time as presented earlier [20] , while multilayer MoS 2 devices show better stable responses. They measured sensing behavior with and without applying back gate voltage (+15 V) for two-layer and five-layer MoS 2 FETs when exposed to NH 3 and NO 2 . Figure 5c ,d shows the variation of the sensitivity as the concentration increases. The five-layer MoS 2 sensor shows the highest sensitivity to the exposure of NO 2 when operated with positive gate voltage. The highest sensitivity to the exposure of NH 3 is shown on the five-layer MoS 2 sample when operated without gate voltage. Their sensitivities to 1000 ppm NO 2 and NH 3 were determined to be 1372 and 86%, respectively. NO 2 acts as an electron acceptor (p-type doping), while NH 3 acts as an electron donor (n-type doping). Thus, for n-type semiconductors, such as MoS 2 , NO 2 increases the resistance while NH 3 decreases the resistance based on a charge transfer mechanism. As the NO 2 is the electron acceptor, it has more electrons to accept when the electron accumulation occurred at the interface of MoS 2 and SiO 2 by applying the positive gate voltage. However, as NH 3 is the electron donor, the electric field built up at the interface repels NH 3 to donate an electron, which results in the decreases of the gas sensitivity. Kim et al. investigated the oxygen sensing behavior of MoS2 chemoresistive gas sensors [28] . The sensors were prepared by liquid exfoliation methods from the MoS2 single crystal and dropcasting methods on Pt interdigitated electrodes (IDEs). Figure 6a shows the response of the liquid-exfoliated MoS2 sensor to four successive pulses of 100% O2 at 300 °C. The device exhibits pronounced stability and complete recovery to the four pulses of O2 without shifting the base resistance or responses. Figure 6b shows the measured responses of the sensor to the exposure of 2%-100% of O2 at 300 °C. The liquid-exfoliated MoS2 sensor shows responses of 8.69%, 10.83%, 12.25%, 13.73%, 17.4%, 23.98%, 29.96%, 50.28% and 63.73% to 2%, 5%, 7%, 10%, 15%, 25%, 50%, 75% and 100% O2, respectively. From Figure 6c , the slope of the plotted line shows the value of 5453.6 ppm −1 , which indicates the sensitivity of the device. The first-principles calculations were used to investigate the critical role of the surface configurations of MoS2 particles prepared by using liquid-exfoliation techniques, which means the edge sites attract more O2 molecules than clean surfaces. They examined the electronic structure of the clean Mo-edges with S monomers both with and without O2 adsorption. Figure 6e shows the band structure (left) and the density of states projected on the edge atoms (right) for each model. The metallic character of the clean Mo-S bridges is indicated by the intersection of the energy band and the Fermi level in the band structure. The localized metallic states along the Mo-edges are indicated by the color intensity at the intersection of the energy band and the Fermi energy. The charge density distribution below the figure indicates that the metallic states result principally from the d orbitals of Mo atoms on the edges [29] . In other words, there are significant changes in the electronic structure with the adsorption of O2 molecules on the Mo-S bridge sites [30] [31] [32] [33] [34] [35] [36] . The metallic band is significantly flattened, which means that the effective electron mass is much higher than that for the clean edges. According to the semiclassical Drude model, the higher effective electron mass causes Kim et al. investigated the oxygen sensing behavior of MoS 2 chemoresistive gas sensors [28] . The sensors were prepared by liquid exfoliation methods from the MoS 2 single crystal and dropcasting methods on Pt interdigitated electrodes (IDEs). Figure 6a shows the response of the liquid-exfoliated MoS 2 sensor to four successive pulses of 100% O 2 at 300 • C. The device exhibits pronounced stability and complete recovery to the four pulses of O 2 without shifting the base resistance or responses. Figure 6b shows the measured responses of the sensor to the exposure of 2%-100% of O 2 at 300 • C. The liquid-exfoliated MoS 2 sensor shows responses of 8.69%, 10.83%, 12.25%, 13.73%, 17.4%, 23.98%, 29.96%, 50.28% and 63.73% to 2%, 5%, 7%, 10%, 15%, 25%, 50%, 75% and 100% O 2 , respectively. From Figure 6c , the slope of the plotted line shows the value of 5453.6 ppm −1 , which indicates the sensitivity of the device. The first-principles calculations were used to investigate the critical role of the surface configurations of MoS 2 particles prepared by using liquid-exfoliation techniques, which means the edge sites attract more O 2 molecules than clean surfaces. They examined the electronic structure of the clean Mo-edges with S monomers both with and without O 2 adsorption. Figure 6e shows the band structure (left) and the density of states projected on the edge atoms (right) for each model. The metallic character of the clean Mo-S bridges is indicated by the intersection of the energy band and the Fermi level in the band structure. The localized metallic states along the Mo-edges are indicated by the color intensity at the intersection of the energy band and the Fermi energy. The charge density distribution below the figure indicates that the metallic states result principally from the d orbitals of Mo atoms on the edges [29] . In other words, there are significant changes in the electronic structure with the adsorption of O 2 molecules on the Mo-S bridge sites [30] [31] [32] [33] [34] [35] [36] . The metallic band is significantly flattened, which means that the effective electron mass is much higher than that for the clean edges. According to the semiclassical Drude model, the higher effective electron mass causes the decrease in the electrical conductivity. The localized electronic states along the Mo-edges are also demonstrated by the charge distribution at the bottom of Figure 6e . 
Tungsten Disulfide
Tungsten disulfide is a layered structure similar to MoS2, which has a trigonal prismatic coordination sphere with W atoms. As WS2 possesses an appreciable band gap, it is appropriate to use as active materials in electronic, photonic and gas sensing devices. The large surface to volume ratio of WS2 in a few layered structures also reveals its suitability for sensing applications.
O'Brien et al. reported the aptness of plasma-assisted synthesis of WS2 thin films for sensing applications [37] . The pre-structured WO3 films were deposited on the center of a SiO2 substrate and then sulfurized by the H2S plasma. ICP-activated atmosphere, a mixture of 10% H2S/90% Ar, was introduced to the sputtered films. The plasma was generated in a one-inch quartz tube, which uses a copper coil that is attached to a 13.56-MHz power supply and associated match network. To convert the WO3 to WS2, an exposure time of one hour at 500 °C was used for the synthesizing condition. Then, the IDE electrodes were aligned on top of the WS2 film as shown in Figure 7a . The electrical response of the WS2 films while being exposed to NH3 vapor was measured by continuous observation of the variation in the resistivity of the WS2 films during gas exposure at room temperature. Figure 7b shows the relative resistance change to the initial resistance of the films, which is measured before the NH3 injection. The thicker samples show almost no response to the exposure of NH3, which can be attributed to the existence of oxides. Meanwhile, the 2-, 5-and 10-nm devices 
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O'Brien et al. reported the aptness of plasma-assisted synthesis of WS 2 thin films for sensing applications [37] . The pre-structured WO 3 films were deposited on the center of a SiO 2 substrate and then sulfurized by the H 2 S plasma. ICP-activated atmosphere, a mixture of 10% H 2 S/90% Ar, was introduced to the sputtered films. The plasma was generated in a one-inch quartz tube, which uses a copper coil that is attached to a 13.56-MHz power supply and associated match network. To convert the WO 3 to WS 2 , an exposure time of one hour at 500 • C was used for the synthesizing condition. Then, the IDE electrodes were aligned on top of the WS 2 film as shown in Figure 7a . The electrical response of the WS 2 films while being exposed to NH 3 vapor was measured by continuous observation of the variation in the resistivity of the WS 2 films during gas exposure at room temperature. Figure 7b shows the relative resistance change to the initial resistance of the films, which is measured before the NH 3 injection. The thicker samples show almost no response to the exposure of NH 3 , which can be attributed to the existence of oxides. Meanwhile, the 2-, 5-and 10-nm devices exhibit a small increase in conductivity to the exposure of NH 3 . This means that NH 3 gives a charge to the WS 2 channel and indicates that the WS 2 thin films tested in this experiment show n-type semiconductor behaviors, similar to the bulk crystals [20, 26, 38, 39] . This indicates that the gas sensors based on WS 2 have the potential to have selectivity for specific gas molecules, as they exhibit distinguishing properties in charge transfer to WS 2 due to their difference in tendency of donating or accepting charge from the WS 2 surface. The 2-nm device exhibits a superior response to NH 3 exposure, but electrical noise is observed, which is not found in 5-and 10-nm devices. Figure 7c shows the response curves of the 2-nm gas sensor at various concentrations from 1-5 ppm (parts-per-million) of NH 3 exposure. exhibit a small increase in conductivity to the exposure of NH3. This means that NH3 gives a charge to the WS2 channel and indicates that the WS2 thin films tested in this experiment show n-type semiconductor behaviors, similar to the bulk crystals [20, 26, 38, 39] . This indicates that the gas sensors based on WS2 have the potential to have selectivity for specific gas molecules, as they exhibit distinguishing properties in charge transfer to WS2 due to their difference in tendency of donating or accepting charge from the WS2 surface. The 2-nm device exhibits a superior response to NH3 exposure, but electrical noise is observed, which is not found in 5-and 10-nm devices. Figure 7c shows the response curves of the 2-nm gas sensor at various concentrations from 1-5 ppm (parts-per-million) of NH3 exposure. The improved gas-sensing properties of 2D WS2 nanosheets through Ag nanowires (NW) functionalization was demonstrated by Ko et al. [40] . WS2 nanosheets with a large area and Ag NWs were synthesized by the sulfurization process of atomic layer deposition (ALD) with WO3 and a modified CuCl2-mediated polyol process, respectively [41, 42] . Ag NW-functionalized (ANF) WS2 was formed through spin-coating using the Ag NWs above. The gas sensors were fabricated with thermally evaporated metal contacts (Cr 5 nm, Au 50 nm). The gas sensing properties were measured at 100 °C. Figure 8a ,b shows the gas-sensing property of the ANF WS2 gas sensor with a 4L WS2 nanosheet. After Ag NW functionalization, a current level of 4L WS2 gas sensor exhibits a result approximately two orders lower than that of the pristine WS2 gas sensor. ANF WS2 gas sensors consisting of 1L and 2L WS2 show similar results compared to those of the pristine WS2 sensor. This lowered current of ANF WS2 gas sensors is probably attributed to the n-type doping effect caused by the electrons transferred from Ag NWs to WS2 [43] [44] [45] . As shown in Figure 8c , the pristine and ANF 4L WS2 gas sensors show a high percent recovery greater than 90%, which implies good recovery to acetone sensing. On the other hand, as shown in Figure 8d , the pristine WS2 gas sensor exhibits relatively low percent recovery ranging from 15%-82% for NO2 exposure (25-500 ppm). However, the ANF 4L WS2 gas sensor shows significantly improved percent recovery for NO2 sensing (over 90%) because the low surface energy of Ag enhances the chemisorption of nitrogen and oxygen species on the Ag surface during the recovery process [46] . The improved gas-sensing properties of 2D WS 2 nanosheets through Ag nanowires (NW) functionalization was demonstrated by Ko et al. [40] . WS 2 nanosheets with a large area and Ag NWs were synthesized by the sulfurization process of atomic layer deposition (ALD) with WO 3 and a modified CuCl 2 -mediated polyol process, respectively [41, 42] . Ag NW-functionalized (ANF) WS 2 was formed through spin-coating using the Ag NWs above. The gas sensors were fabricated with thermally evaporated metal contacts (Cr 5 nm, Au 50 nm). The gas sensing properties were measured at 100 • C. Figure 8a ,b shows the gas-sensing property of the ANF WS 2 gas sensor with a 4L WS 2 nanosheet. After Ag NW functionalization, a current level of 4L WS 2 gas sensor exhibits a result approximately two orders lower than that of the pristine WS 2 gas sensor. ANF WS 2 gas sensors consisting of 1L and 2L WS 2 show similar results compared to those of the pristine WS 2 sensor. This lowered current of ANF WS 2 gas sensors is probably attributed to the n-type doping effect caused by the electrons transferred from Ag NWs to WS 2 [43] [44] [45] . As shown in Figure 8c , the pristine and ANF 4L WS 2 gas sensors show a high percent recovery greater than 90%, which implies good recovery to acetone sensing. On the other hand, as shown in Figure 8d , the pristine WS 2 gas sensor exhibits relatively low percent recovery ranging from 15%-82% for NO 2 exposure (25-500 ppm). However, the ANF 4L WS 2 gas sensor shows significantly improved percent recovery for NO 2 sensing (over 90%) because the low surface energy of Ag enhances the chemisorption of nitrogen and oxygen species on the Ag surface during the recovery process [46] .
An ammonia sensor based on WS 2 nanoflakes was reported by Li et al., which showed a remarkable performance at room temperature [47] . Compared to other materials including MoS 2 , the WS 2 nanoflake sensor exhibited good and full recovery. The response and recovery time was 120 s and 150 s, respectively. It seems that a lower adsorption energy of W 4+ in the WS 2 for ammonia caused by a larger radius results in the faster recovery. The sensor exhibits a high selectivity to other gases such as ethanol, methanol, acetone, benzene and formaldehyde with almost no responses in the air with a humidity of 40%. An ammonia sensor based on WS2 nanoflakes was reported by Li et al., which showed a remarkable performance at room temperature [47] . Compared to other materials including MoS2, the WS2 nanoflake sensor exhibited good and full recovery. The response and recovery time was 120 s and 150 s, respectively. It seems that a lower adsorption energy of W 4+ in the WS2 for ammonia caused by a larger radius results in the faster recovery. The sensor exhibits a high selectivity to other gases such as ethanol, methanol, acetone, benzene and formaldehyde with almost no responses in the air with a humidity of 40%. 
Tin Disulfide
The crystal phase of tin disulfide (SnS2) exists in a layer structure [48] . This phase consists of Sn atoms and sulfur atoms; the Sn atoms are sandwiched between two layers of closely-packed sulfur atoms, which are disposed hexagonally. The neighbor sulfur layers are linked by the weak van der Waals forces (Figure 9a ). SnS2 has a larger electronegativity, so it has the potential to increase gas adsorption sites compared to 2D MoS2 [49] . Due to the relatively high temperature dependency on the electronic band structure of SnS2, it is able to be used as an optimizing sensing response and be used for up stepping recovery kinetics at a range of fair elevated temperatures [50, 51] .
Ou et al. presented an important progress for selective and reversible NO2 sensing based on the charge transfer between physisorbed NO2 gas molecules and two-dimensional (2D) tin disulfide (SnS2) flakes at low operating temperatures [52] . The preparation of 2D SnS2 flakes was done by a wet chemical synthesis technique, and an HRTEM image is shown in Figure 9b . Dropcasting was used for the fabrication of the 2D SnS2 gas sensors. The solution containing 2D SnS2 flakes was dropcast on the substrates made of alumina with interdigitated electrode (IDE) patterns on the surface. As shown in Figure 9c , the sensor exposed to the NO2 gas with concentrations ranging from 0.6-10 ppm has dynamic performance at the optimum operation temperature of 120 °C. As the concentration of NO2 increases, more surface dipoles are formed before the NO2 coverage reaches its maximum, which results in more electron transfer from SnS2 to NO2. Excellent sensor reversibility is observed with a recovery time of less than 180 s at the optimum operating temperature regardless of the NO2 concentration. From this work, the 2D SnS2 flakes showed strong selectivity to NO2, as it has only 
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Chemosensors 2017, 5, 15 11 of 19 minimal responses toward other gases. At 120 °C, response factors at industrially-meaningful concentrations for H2 (1%), CH4 (10%), CO2 (10%) and H2S (56 ppm) are found to be ~1.0, ~1.1, ~1.1 and ~1.3, respectively, in comparison to ~36 for NO2 (10 ppm) (Figure 9d ). The unique selectivity is formed by the strong physical affinity of paramagnetic NO2 gas molecules toward SnS2 surfaces. Furthermore, there is a relatively preferred position between the Fermi level of SnS2 and partially occupied molecular orbitals (POMO) of NO2. 
Tantalum Disulfide
Tantalum disulfide displays a similar structure to molybdenum disulfide. It has a number of polytypes with a tantalum atom either in trigonal prismatic or octahedral coordination and a number of different stacking orders. All of these types are layered structures with three-coordinate sulfide centers and trigonal prismatic metal centers.
He et al. reported a dosage meter for toxic gas based on TaS2 nanosheets [53] . The TaS2 thin film is prepared via the vacuum filtration of TaS2 aqueous suspension obtained from the electrochemical lithium-intercalation method [54] [55] [56] . The fabrication of a planar chemoresistive sensor was processed by placing the TaS2 strip (rectangular shaped) onto Si/SiO2 (300 nm) substrate. Then, the deposition of silver paint on both ends of the rectangularly-shaped strip was done for the use of drain and source electrodes. The TaS2 gas sensing performance was evaluated by the conditions of bias of 0.4 V at room temperature, exposing to NO gas with controlling the concentration. The device performed a current response of the NO exposure irreversibly. Furthermore, there was no current recovery at all, even after a long time purge with N2 or heating the sample. At very low concentrations, the sensor based on TaS2 film showed a linear current response and responded immediately towards the change of concentration. Due to these properties, detecting the total dosage of NO under fluctuating concentration is possible. Figure 10a shows the current responses of TaS2 devices against NO exposure at different concentrations for 10 min. The current response and the NO concentration have a quasi-linear relation at ppm level, as shown in Figure 10b . Due to this linear 
He et al. reported a dosage meter for toxic gas based on TaS 2 nanosheets [53] . The TaS 2 thin film is prepared via the vacuum filtration of TaS 2 aqueous suspension obtained from the electrochemical lithium-intercalation method [54] [55] [56] . The fabrication of a planar chemoresistive sensor was processed by placing the TaS 2 strip (rectangular shaped) onto Si/SiO 2 (300 nm) substrate. Then, the deposition of silver paint on both ends of the rectangularly-shaped strip was done for the use of drain and source electrodes. The TaS 2 gas sensing performance was evaluated by the conditions of bias of 0.4 V at room temperature, exposing to NO gas with controlling the concentration. The device performed a current response of the NO exposure irreversibly. Furthermore, there was no current recovery at all, even after a long time purge with N 2 or heating the sample. At very low concentrations, the sensor based on TaS 2 film showed a linear current response and responded immediately towards the change of concentration. Due to these properties, detecting the total dosage of NO under fluctuating concentration is possible. Figure 10a shows the current responses of TaS 2 devices against NO exposure at different concentrations for 10 min. The current response and the NO concentration have a quasi-linear relation at ppm level, as shown in Figure 10b . Due to this linear current profile, the TaS 2 sensor can realize the integration of the total dosage of NO at fluctuating concentration. The current responses of a typical TaS 2 device upon continuous exposure of NO at five different concentrations were tested (Figure 10c) . The rate of current decrease (or the sensitivity of the device) increased with the escalation of NO concentration from 0.19 ppm to 4.9 ppm. The linear relation between the current response and the total toxic load for the TaS 2 device was demonstrated. (Figure 10d) . Thus, the TaS 2 -based device meets the requirements for a dosage meter. From the current profile, total toxic load can be directly read out. Since the current response upon NO exposure is irreversible, it is available to record the toxic load of NO gas continuously in the sub-ppm level. (Figure 10c) . The rate of current decrease (or the sensitivity of the device) increased with the escalation of NO concentration from 0.19 ppm-4.9 ppm. The linear relation between the current response and the total toxic load for the TaS2 device was demonstrated. (Figure 10d) . Thus, the TaS2-based device meets the requirements for a dosage meter. From the current profile, total toxic load can be directly read out. Since the current response upon NO exposure is irreversible, it is available to record the toxic load of NO gas continuously in the sub-ppm level. 
Heterojunction
Previous theoretical studies have reported that heterojunctions with some transition metal disulfide monolayers can align their band structures to be suitable for potential application in versatile applications. The investigations have demonstrated that the monolayer of transition metal disulfide sheets is a sensitive detector for various gas molecules due to the change in the resistivity by the gas adsorption. It is expected that the heterojunctions have electrical resistivity changes by the adsorption of molecules especially on the in-plane interfaces.
Xu et al. have revealed the roles of the heterogeneous interface in the gas sensing properties of SnO2-SnS2 hybrids to ammonia at room temperature [57] . SnS2-SnO2 hybrids are synthesized by oxidizing pristine SnS2 in air at 300 °C with different times from 0.5-4 h (Figure 11a,b) . To form a 
Xu et al. have revealed the roles of the heterogeneous interface in the gas sensing properties of SnO 2 -SnS 2 hybrids to ammonia at room temperature [57] . SnS 2 -SnO 2 hybrids are synthesized by oxidizing pristine SnS 2 in air at 300 • C with different times from 0.5-4 h (Figure 11a,b) . To form a suspension of SnS 2 nanosheets, they were dispersed uniformly in ethanol by ultrasonication for 15 min. The suspension was dropcast onto the Au interdigitated electrodes. The sensors were named as SnO 2 -SnS 2 -X, where X indicates the different oxidation time in hours. The inset of Figure 11c shows the responses of the sensors, which are measured by the I g /I a (represent the current in NH 3 and dry air) values. The response of the sensors initially increases and then decreases from SnO 2 -SnS 2 -0.5 to SnO 2 -SnS 2 -4. The maximum is for SnO 2 -SnS 2 -1. The evolution of chemical bonds has the same change trend, which indicates that the performance of the gas-sensing is highly dependent on the number of chemical bonds at the interface. SnO 2 -SnS 2 -0.5, SnO 2 -SnS 2 -1 and SnO 2 -SnS 2 -2 also show good reproducibility and quick response. The typical response recovery characteristics of SnO 2 -SnS 2 -0.5, SnO 2 -SnS 2 -1 and SnO 2 -SnS 2 -2 to 100 ppm of NH 3 , which appear moderately reproducible, are shown in Figure 11c . Figure 11d indicates the response and recovery characteristics of SnO 2 -SnS 2 -1 to NH 3 with concentrations of 10, 25, 50, 100, 200 and 500 ppm at room temperature. The sensitivity and reproducibility characteristics of the sensor both show high performance when exposed to various NH 3 concentrations. The response is about 1.16 to the exposure of 10 ppm NH 3 , which indicates that a low detecting limit can be achieved by using SnO 2 -SnS 2 hybrids as the gas sensing material. The comparison of the series of SnO 2 -SnS 2 hybrids oxidized for the time range of 0.5-4 h verifies the dependence between the response of SnO 2 -SnS 2 hybrids to NH 3 at room temperature and the interface positioned chemical bonds. suspension of SnS2 nanosheets, they were dispersed uniformly in ethanol by ultrasonication for 15 min. The suspension was dropcast onto the Au interdigitated electrodes. The sensors were named as SnO2-SnS2-X, where X indicates the different oxidation time in hours. The inset of Figure 11c shows the responses of the sensors, which are measured by the Ig/Ia (represent the current in NH3 and dry air) values. The response of the sensors initially increases and then decreases from SnO2-SnS2-0.5 to SnO2-SnS2-4. The maximum is for SnO2-SnS2-1. The evolution of chemical bonds has the same change trend, which indicates that the performance of the gas-sensing is highly dependent on the number of chemical bonds at the interface. SnO2-SnS2-0.5, SnO2-SnS2-1 and SnO2-SnS2-2 also show good reproducibility and quick response. The typical response recovery characteristics of SnO2-SnS2-0.5, SnO2-SnS2-1 and SnO2-SnS2-2 to 100 ppm of NH3, which appear moderately reproducible, are shown in Figure 11c . Figure 11d indicates the response and recovery characteristics of SnO2-SnS2-1 to NH3 with concentrations of 10, 25, 50, 100, 200 and 500 ppm at room temperature. The sensitivity and reproducibility characteristics of the sensor both show high performance when exposed to various NH3 concentrations. The response is about 1.16 to the exposure of 10 ppm NH3, which indicates that a low detecting limit can be achieved by using SnO2-SnS2 hybrids as the gas sensing material. The comparison of the series of SnO2-SnS2 hybrids oxidized for the time range of 0.5-4 h verifies the dependence between the response of SnO2-SnS2 hybrids to NH3 at room temperature and the interface positioned chemical bonds. Gu et al. demonstrated a gas sensor based on the SnO2/SnS2 heterojunction, which has a significant response to the exposure of NO2 at low temperature of 80 °C [58] . The heterojunctions were prepared by the in situ high temperature oxidation method, and the SnO2 nanoparticle-decorated Gu et al. demonstrated a gas sensor based on the SnO 2 /SnS 2 heterojunction, which has a significant response to the exposure of NO 2 at low temperature of 80 • C [58] . The heterojunctions were prepared by the in situ high temperature oxidation method, and the SnO 2 nanoparticle-decorated SnS 2 sensor showed better performance to the exposure of NO 2 than the pristine SnS 2 , such as higher response, lower operating temperature and better selectivity toward other gas molecules.
Challenges
The sensing mechanism of 2D transition metal disulfides gas sensors is based on a charge transfer process [59] [60] [61] . When the sensors are exposed to reactive gas, the gas molecules are adsorbed (mainly physically at temperatures lower than 100 • C) on the surfaces of 2D transition metal disulfide materials resulting in the variation of sensor resistance. The gas adsorption and the consequent resistance change are affected by three basic factors, namely receptor function, transducer function and utility factor (Figure 12a ) [62] [63] [64] [65] [66] [67] . The receptor function is concerned with how each particle (grain) responds to the adsorbed gas, so it is closely related to the sensitivity and selectivity of the gas sensor [68] . When catalysts are incorporated on the surface of each particle, the gas adsorption and the sequential charge transfer can be enhanced. For the selective adsorption of specific gas molecules, the adoption of appropriate catalysts is very important. The transducer function is related to how the variation of each particle is transduced into device resistance. The transducer function is played by the contacts between each particle. A typical gas sensing strategy that is suggested based on this recognition and the concepts from other traditional semiconductor devices is composed of electron depletion of the particles and double Schottky barrier formation across the contact, as shown in Figure 12a . The utility factor explains how the resistance change is attenuated in an actual porous sensing body with the dissipation of the target gas while it diffuses in to the sensing sites. To maximize the utility factor, the sensing film should be very porous, and then, the target gas molecules diffuse into the bottom layer of the sensing film where the sensor electrode exists, which leads to the effective resistance variation of the sensing film. SnS2 sensor showed better performance to the exposure of NO2 than the pristine SnS2, such as higher response, lower operating temperature and better selectivity toward other gas molecules.
The sensing mechanism of 2D transition metal disulfides gas sensors is based on a charge transfer process [59] [60] [61] . When the sensors are exposed to reactive gas, the gas molecules are adsorbed (mainly physically at temperatures lower than 100 °C) on the surfaces of 2D transition metal disulfide materials resulting in the variation of sensor resistance. The gas adsorption and the consequent resistance change are affected by three basic factors, namely receptor function, transducer function and utility factor (Figure 12a ) [62] [63] [64] [65] [66] [67] . The receptor function is concerned with how each particle (grain) responds to the adsorbed gas, so it is closely related to the sensitivity and selectivity of the gas sensor [68] . When catalysts are incorporated on the surface of each particle, the gas adsorption and the sequential charge transfer can be enhanced. For the selective adsorption of specific gas molecules, the adoption of appropriate catalysts is very important. The transducer function is related to how the variation of each particle is transduced into device resistance. The transducer function is played by the contacts between each particle. A typical gas sensing strategy that is suggested based on this recognition and the concepts from other traditional semiconductor devices is composed of electron depletion of the particles and double Schottky barrier formation across the contact, as shown in Figure 12a . The utility factor explains how the resistance change is attenuated in an actual porous sensing body with the dissipation of the target gas while it diffuses in to the sensing sites. To maximize the utility factor, the sensing film should be very porous, and then, the target gas molecules diffuse into the bottom layer of the sensing film where the sensor electrode exists, which leads to the effective resistance variation of the sensing film. [69] . Copyright Nature Publishing Group, 2013.). Figure 12b is a scanning transmission electron microscope-annular dark-field (STEM-ADF) image of a MoS 2 monolayer, a well-studied material representing transition metal disulfides [69] . The grain boundary and its dislocation cores are highlighted. The boundary has a significant relation to the transducer function. When the electron moves across the boundary, it should overcome the double Schottky barrier between two grains. This means that the pre-existing grain boundaries are transducers where the resistance change by the gas adsorption is amplified. For the monolayer MoS 2 film, tailoring the utility factor is meaningless. Since the material is atomically thin, the adsorption of gas molecules is not related to the diffusion through the material inside. In other words, the utility factor is already maximized for the 2D material. Therefore, an appropriate approach to develop high performance gas sensors based on 2D transition metal disulfides is to achieve proper receptors that enhanced the interaction between target gas molecules and the sensing material. Thus, the sensitivity and selectivity of chemoresistive gas sensors based on 2D transition metal disulfides largely rely on the receptors on the sensing materials. The receptors can be incorporated on the material by various methods to decorate the surface such as physical vapor deposition, chemical vapor deposition and wet and dry chemical processes. In addition, the creation of point defects, including dopants and vacancies, in the sensing material can be effective since the defects existing on the surface can act as effective receptors. When multiple receptors that selectively respond to each specific gas molecules are obtained, a sensor array based on 2D transition metal disulfides can be realized, in which various target gases can be detected and monitored for environmental and indoor air quality control [70, 71] . Since atomically 2D transition metal disulfides are transparent and flexible, the application of 2D-transition-metal-disulfide-based sensors will find new areas that were not reached by the conventional chemoresistive gas sensors. Developing 3D nanostructures based on 2D transition metal disulfides is promising to increase gas response [72, 73] .
Most of the previously-performed gas sensor devices based on the 2D transition metal disulfide materials had to be measured under a controlled environment, as the existence of other gases in realistic environmental conditions has an influence on the sensitivity of the sensing devices. Hence, following studies need to focus on achieving gas sensing devices with high sensitivity toward the target gas in practical conditions. Under practical conditions, the humidity poisoning effect by which water vapor adsorption reduces the gas sensing properties for most chemoresistive gas sensors should be considered. The fabrication of reliable gas sensors is one of the most challenging issues. Normally, most of the gas sensors are fabricated by a vapor deposition or microfabrication process. These processes are complicated and time consuming, and a reproducible process dealing with transition metal disulfide materials should be established. Furthermore, displaying the intrinsic properties of the sensing materials can fail. Thus, developing a facile, effective and reliable strategy for gas sensors still remains a huge challenge. The capability of large-scale manufacturing of 2D materials with a large area, constant and better quality and reproducibility is yet another big challenge [12, 74] .
Conclusions
In this article, we review typical 2D transition metal disulfides for gas sensing applications. Transition metal disulfides (MoS 2 , WS 2 , SnS 2 and TaS 2 ) possess tunable band gaps dependent on their layer thickness, and their excellent advantages in nanostructuring and heterostructuring make them attractive candidates for the fabrication of gas sensors. The results described that 2D transition metal disulfides are suitable materials for the fabrication of high performance gas sensors operated in diverse environments due to their particular characteristics. There are some reports on the theoretical simulations of gas adsorption on transition metal disulfides; still, the works are very limited and lacking. Following research in this field needs to understand the details of the specific properties of nanostructured two-dimensional materials and the change of the electronic properties with the adsorption of analytes to enhance the performance of the gas sensors based on these materials. First-principles calculations can be used to identify the appropriate modification of these materials for the higher performance of the gas sensors. The gas sensing mechanisms of devices based on 2D transition metal disulfides have not been completely explained till now. Once the mechanism is clarified, 2D transition metal disulfides gas sensors could perform significant sensitivity, ultrahigh selectivity, fast response, good reversibility, room temperature operation, outstanding stability, etc., in the near future.
